1,2,3,4 is a promising source for on-chip, nanoscale generation of microwave magnetic fields. Such fields could be used for local excitation of spin-wave resonances, control of spin qubits, and studies of paramagnetic resonance. However, local characterization of fields emitted by an STO has remained an outstanding challenge. Here, we use the spin of a single nitrogen-vacancy (NV) defect in diamond to probe the magnetic fields generated by an STO in a microbar of ferromagnetic insulator yttrium-iron-garnet (YIG). The combined spectral resolution and sensitivity of the NV sensor allows us to resolve multiple spin-wave modes and characterize their damping. When damping is decreased sufficiently via spin injection, the modes auto-oscillate, as indicated by a strongly reduced linewidth, a diverging magnetic power spectral density, and synchronization of the STO frequency to an external microwave source. These results open the way for quantitative, nanoscale mapping of the microwave signals generated by STOs, as well as harnessing STOs as local probes of mesoscopic spin systems.
spectral resolution 12 , and excellent magnetic-field sensitivity 13 . Here, we use NV magnetometry to study the local magnetic fields generated by an STO in a YIG microbar that can be driven into auto-oscillation by a spin-current injected via the spin-Hall effect in a platinum thin film 8, 14, 15 .
To locally detect the STO magnetic fields, we position a diamond nanobeam containing an individually addressable NV sensor at ~100 nm from a Pt/YIG hybrid microstructure (Fig. 1a) . Au electrical leads supply the DC current I dc to the Pt wire for spin injection. A nearby Au stripline (Fig. 1b) delivers microwave signals for both control of the NV spin state and for microwave-driving of spin-wave modes in the YIG bar. Further information on NV physics relevant to sensing of magnetic fields can be found in refs. [9] [10] [11] [12] [13] [16] [17] [18] , and details of the fabrication processes can be found in the Methods and in Supplementary Information 1.
We start by probing the spin-wave spectrum of the YIG micro-magnet using microwave excitation. We sweep the frequency of a microwave drive field and use the NV spin sensor to detect changes in the stray static magnetic field due to changes in the YIG magnetization upon exciting a spin-wave resonance 16 . Fig.  1c depicts the sensing sequence, and Fig. 1d shows the spectrum at zero DC current. We observe multiple spectral peaks, the most prominent of which persists as the strongest mode throughout the entire sweep range of the external magnetic field B ext . We attribute this peak to the spatially homogeneous (n=1) ferromagnetic resonance (FMR) of the YIG bar as it couples efficiently to our microwave drive field. The centre frequency of this mode vs B ext follows a Kittel-like dependence (Fig. 1e) .
Next, we demonstrate control of spin-wave resonance damping by injecting a spin current into the YIG via the Pt contact. As illustrated in Fig. 2a , the effect of a spin current on the dynamics of the magnetization can be described as a spin-orbit torque acting on the YIG magnetization 19 . Depending on the relative orientation between the injected spins and the equilibrium magnetization, the spin-orbit torque can either reduce or enhance the effective damping of precessional motion of the magnetization vector (see Supplementary Information 3) . We observe such damping modification by measuring the response of the YIG stray field to the microwave drive as a function of I dc . In Fig. 2b , we show example FMR spectra of the YIG stray field || , normalized by the microwave drive amplitude b 1 , as a function of the drive frequency at several I dc . A strong dependence of the peak amplitude on I dc indicates that damping is reduced (enhanced) for positive (negative) I dc . In addition, we observe a shift in the resonance frequency as a function of I dc (Fig. 2b ) that is well described by a second-order polynomial 8 . We attribute the quadratic (symmetric) part of this polynomial to Joule heating, while the linear part may be attributed to a combination of effects such as an Oersted field generated by the current in the Pt, and a change in the YIG magnetization caused by the spin-orbit torque (see Supplementary Information 4).
When the intrinsic magnetic damping is compensated by the anti-damping torque exerted by the injected spin current, we expect an increase in the rate of change of the FMR peak amplitude as a function of the microwave drive power. Figure 2c plots the on-resonance peak amplitude of || , extracted from data such as those in Fig. 2b , as a function of the microwave drive power ! ! at different I dc . We observe two distinct regimes: for I dc ≲ 4 mA, the peak amplitude increases approximately linearly over a large range of microwave drive power, while for I dc ≳4 mA, the signal increases sharply and then saturates. The distinction between these two regimes is more evident in Fig. 2d , which plots the inverse of the initial slopes of
) as a function of I dc . The trend of the inverse on-resonance slopes quantifies the evolution of the effective damping coefficient !"" , which monotonically changes with
Δ || decreases as a function of I dc (diagonal dashed line) until a certain threshold, after which it plateaus (horizontal dashed line). We interpret the plateau to be due to auto-oscillation of a spin-torque oscillator (STO), with the crossing of the dashed lines corresponding to the STO onset threshold current ~ 3.8 mA. Note that this threshold current value agrees well with an independent estimate obtained from Fig.  4a .
To study auto-oscillation of the spin-wave modes in the YIG bar, we characterize the power spectral density of the magnetic-noise generated by the modes as a function of I dc and in the absence of microwave excitation. We use the NV spin as a field-tunable spectrometer via a technique known as NV spin relaxometry 16 , where the NV spin relaxation rates Γ are measured to quantify the magnetic-noise power spectral density ! ( ) at the NV ! = 0 ↔ ±1 transition frequencies ± =2π(D gs ±γB ext ) via the relation
Here, γ=2.8 MHz/G is the NV gyromagnetic ratio, D gs =2.87 GHz is the NV zero-field splitting, and B ext is the external static magnetic field aligned with the NV axis. To characterize NV spin relaxation, we prepare the NV spin in the m S =0 state and determine the spin-relaxation rate in the presence of YIG bar magnetic noise by measuring the spin-dependent photoluminescence ,
!!(!)! after a hold time τ (Fig. 3a) . In Fig. 3b , we show an example NV spin relaxometry experiment at I dc =5.8 mA, where we measure the PL at a fixed τ as we vary the external magnetic field that sweeps the lower transition frequency ! over several spin-wave resonances. In this situation, the rate ≈ ! ; Γ + is negligible as the density of thermal magnons is suppressed at energy ! which is far detuned from spin-wave resonances. The magnetic field fluctuations produced by the different YIG spinwave modes increase the NV spin relaxation rate, which results in decreased NV PL 21, 22 . By performing this measurement at multiple I dc , we map the noise spectrum of spin-waves as a function of B ext and I dc (Fig. 3c) . The red/blue stars denote the locations of prominent spin-wave resonances (obtained by fitting the peak centres at each I dc ), which we call STO 1 and STO 2 . We identify STO 1 as the spatially homogeneous (n=1) FMR and STO 2 as a higher order (n=2) spin wave mode (Supplementary Information 5). The spectral resolution of the NV sensor allows us to zoom in closely on the regions where the two spin-waves approach each other (Figs. 3d and 3e) , and observe what seems to be a mode anti-crossing, hinting at hybridization of the spin-wave modes due to mode interactions. Micromagnetic simulations elucidate the nature of the modes and point to the possibility of mode mixing (Supplementary Information 5). We estimate a mode coupling strength of about 10 MHz (Supplementary Information 6) , which is larger than the linewidth of the individual modes (see Fig. 4b ).
To quantitatively study the power spectral density of the magnetic field noise generated by STO 1 and STO 2 , we tune the NV transition frequency into resonance with the modes by adjusting B ext and extract the NV spin relaxation rate Γ as a function of I dc (Fig. 4a) . As we change I dc , we observe a dramatic increase in the STO magnetic-noise power spectral density of up to three orders of magnitude, a key signature of auto-oscillation 23 . The inset of , where p is the peak power spectral density emitted by the STO and I th is the threshold current. For STO 1 , we estimate I th1 ≈ 3.5 mA, close to the estimate made above from the stray-field magnetometry measurements in Fig. 3d . For STO 2 , we obtain a higher threshold current I th2 ≈ 4.4 mA. A strong correlation between linewidth reduction (Fig. 4b) and divergence of magnetic fluctuations (Fig. 4a) is consistent with Landau-Lifshitz-Gilbert phenomenology: that is, the spin-orbit torque reduces the damping torque and the associated STO linewidth. As we increase I dc further, we surprisingly observe a reduction in the power spectral density accompanied by linewidth broadening and the appearance of a higher-order STO (STO* as shown in Fig.   3b ). This may imply that strong spin injection introduces an additional magnon decay channel and the magnetic system is approaching a re-thermalization scenario 26 , though we leave a study of this phenomenon to future work.
Finally, we demonstrate that the Pt/YIG STO can be synchronized with an external microwave source, as observed previously for STOs in metallic ferromagnets 26 . We use the measurement scheme shown in Fig.  5a , which is an NV spin relaxometry measurement with an added microwave drive field. We sweep the frequency f MW of this drive field around the free-running STO frequency. By monitoring the magneticnoise power spectral density at the NV transition frequency, we observe locking of the STO over a frequency interval Δf s (Fig. 5b) . Figures 5c and 5d show that the locking interval increases approximately linearly with the drive amplitude b 1 as expected for frequency-locked oscillators. We observe an increase of the synchronization bandwidth for larger I dc (Fig. 5d) . Frequency locking to an external microwave source can be used to quickly tune the STO in and out of resonance with the control frequency of a target system.
In summary, we used the spin of a single NV center in diamond as a nanoscale magnetic sensor to measure the local magnetic fields generated by spin-torque oscillators (STOs) driven by spin-current in a Pt/YIG hybrid microstructure. We demonstrated STO auto-oscillation 15 in this magnetic insulator using three independent methods: suppression of the effective damping torque, divergence of the power spectral density at the STO frequency, and STO synchronization to an external microwave source. High spectral resolution is a key capability of NV sensing and can be further improved below ~1 Hz by, for example, quantum interpolation 27 , synchronized readout 12 , or modest cooling 17 . Thus in future work, NV sensors should be able to provide access to the sub-Hz regime of advanced research on STOs 3 , as well as nanoscale spatial characterization of STO-generated magnetic fields 10, 11 . Spatial mapping at such length scales would provide access to locations of large STO magnetic-field intensity, with the potential to use an STO to drive magnetic excitations in other systems of interest, such as spin waveguides 28 and spin qubits 29 . Finally, studies of spin-torque oscillation may provide insight into phenomena such as magnon thermodynamics 30 , strongly-correlated many body physics 18 , and control over magnetic phase transitions 31 .
Methods
Hybrid Pt/YIG device preparations. Fabrication of the Pt/YIG device starts with a 17-nm YIG film epitaxially grown on a (111) orientation GGG substrate using pulsed laser deposition 32 . A 10 nm layer of Platinum (Pt) is sputtered on top of the YIG film, which is first cleaned by an Ar+ plasma at a pressure below 5×10 -8 Torr to ensure good Pt purity. The Pt/YIG stripe is defined by electron-beam lithography (Elionix F125, 125 kV) with a PMMA (495A2, ~ 30 nm)/HSQ (XR-1541-006, ~250 nm and FOX-16, ~ 500 nm) resist stack, followed by developing in 25% TMAH. Ar+ ion milling is used to transfer the pattern onto the substrate and form the Pt/YIG hybrid microstructure. Finally, leads for DC current and microwave driving are defined by electron-beam lithography and e-beam evaporation techniques. See Supplementary Information 1 for further details.
Experimental setup and nanobeam fabrication. The experimental setup is based on a home-built laser scanning confocal microscope, which has been described previously 11 . As part of the experimental sensing platform, we pattern bulk diamond containing NVs into a nanobeam structure 33 and place it close to the sample of interest, with a single NV sensor within about 100 nm of the Pt/YIG microstructure to access the sample's relatively weak localized fields.
